Objective: To determine the association of individual antidepressants (ADs) with the risk of traumatic brain injury (TBI) in the elderly.
Introduction
Traumatic brain injuries (TBIs) are a major health problem in older adults, greatly contributing to short-term mortality 1 and disability. 2 Their frequency in the elderly has increased internationally over the last years, with falls being the leading cause in this population. 3, 4 There is thus an urgent need to identify modifiable risk factors, in order to implement effective prevention measures.
Medications are considered one of the most modifiable risk factors, 5 and use of certain medications, including psychotropic agents, has consistently been associated with an increased risk of falls in the elderly. 6, 7 However, the association of TBI with medications common in the elderly, such as antidepressants (ADs), has hardly been assessed. With a prevalence of use ranging from 9% to up to one-third in persons aged ≥65 years and increasing with age, 8, 9 ADs are not only a useful therapeutic tool in late-life depression and anxiety disorders but have also been consistently associated with increased risk of falls [10] [11] [12] and related injuries. [13] [14] [15] [16] [17] Sedation, dizziness and orthostatic hypotension are among the adverse effects of AD classes and individual agents, potentially contributing to greater susceptibility to falls and other injuries in the elderly. 18 To our knowledge, only one study has specifically evaluated the association of TBI with AD use so far. That study, however, was restricted to patients with Alzheimer's disease. 19 Given that patients with Alzheimer's disease or other dementias are a high-risk group for falls, the results are not generalizable to elderly without dementia. 20, 21 In that study, the risk of TBI was increased by 26% in users of any AD compared to non-users, and selective serotonin-reuptake inhibitors (SSRIs) were associated with a statistically nonsignificant 17% increased risk. However, other AD classes and individual ADs have not been evaluated separately, although it is known that the risk profiles generally vary between classes and individual agents. 10, [22] [23] [24] [25] Evidence is thus lacking on the risk of TBI associated with AD use in the elderly beyond selected risk groups, as well as on the variation in risk between AD classes and individual ADs. To fill these knowledge gaps, we conducted a study in unselected subjects aged ≥65 years who initiated the use of an AD and aimed to quantify the risk of TBI associated with AD classes and selected individual ADs.
Patients and methods

Ethics and approvals
In Germany, the utilization of health insurance data for scientific research is regulated by the Code of Social Law. All involved health insurance providers as well as the German Federal (Social) Insurance Office and the Senator for Science, Health and Consumer Protection in Bremen as their responsible authorities evaluated the protocol and approved the use of German Pharmacoepidemiological Research Database (GePaRD) data for this study. GePaRD does not include any identifying patient data. Informed consent for studies based on GePaRD is not required by law. According to the Ethics Committee of the University of Bremen these studies are exempt from institutional review board review (determination 14 November 2013).
Data source
This study was conducted using the GePaRD. GePaRD is based on claims data from four statutory health insurance providers in Germany and currently includes information on >20 million persons who have been insured with one of the participating providers since 2004 or later. In addition to demographic data, GePaRD contains information on drug dispensations (including Anatomical and Therapeutic Code [ATC] , defined daily dose [DDD] , strength, packaging size, generic and brand name), outpatient and inpatient services and diagnoses. Per data year, there is information on ~17% of the general population and all geographical regions of Germany are represented. In-and outpatient diagnoses are coded according to the ICD, 10th revision, German Modification (ICD-10-GM). GePaRD data are representative of the German general population with respect to age, sex, region of residence and medication dispensations. 26, 27 The suitability of GePaRD data for pharmacoepidemiological research has been assessed methodologically and by validation studies. 28 GePaRD has been used for various types of pharmacoepidemiological studies, such as drug utilization studies in the elderly 29, 30 and studies investigating the risks of medications including ADs. 31 
study design
We conducted a case-control study nested in a populationbased cohort of subjects aged ≥65 years who initiated use of an AD (new users) between January 1, 2005 and December 31, 2014 (study period). When studying exposures (such as the use of ADs) and other covariates (such as comorbidities) that vary over time, especially in large cohorts, the nested case-control approach represents a computationally efficient alternative to time-to-event analysis of the entire cohort, 32 while providing valid estimates of the relative risk if the selection of controls is conducted using incidence density sampling and without biasing restrictions. 33 We only included subjects initiating AD treatment, excluding prevalent AD users (new users design) to avoid bias related to the depletion of susceptible prevalent users and under-ascertainment of early adverse effects. 34 Initiation was defined as receiving a first dispensation for an AD without having filled one in the preceding 365 days. Subjects entered the cohort at the date of first dispensation (cohort entry). To be eligible, subjects were required 1) to have at least 12 months of continuous enrollment before cohort entry and 2) to have not experienced TBI any time before cohort entry, defined as the absence of TBI-related hospitalization codes any time before cohort entry. Each subject was followed from cohort entry to the date of first hospitalization for TBI, disenrollment from insurance, end of study period or death, whichever occurred first.
Within the person-time at risk, we identified the incident cases of TBI and randomly selected up to 100 controls per case using incidence density sampling within the risk set 33 with matching on sex, age and length of follow-up. Controls Clinical Epidemiology 2019:11 submit your manuscript | www.dovepress.com
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Pisa et al were eligible to be selected more than once and could become cases later on during follow-up. 33 A case was defined as any cohort member with a TBI-related hospitalization. Cases were identified by the main discharge codes (Table S1) according to an established definition 3 adapted to ICD-10-GM. The date of admission was defined as the index date (ID). For controls, the ID was defined as the ID of the corresponding case. Eligible patients hospitalized for any reason at the ID of the case were not at risk of being hospitalized for TBI and thus excluded from the set of potential controls (risk set). 3 
Exposure definition
Dispensations of ADs were identified through the ATC code N06A and categorized into the following classes (Table S2) : tricyclics (TCAs), SSRIs, selective serotonin-noradrenaline reuptake inhibitors (SSNRIs), noradrenergic and specific serotonergic ADs (NASSAs), noradrenaline reuptake inhibitors, monoamine oxidase inhibitors as well as herbal and other ADs (which were not considered for the analysis).
Treatment episodes were defined based on the estimated supply, as the intended treatment duration and daily dose are not registered. To account for lower dosage and compliance in the elderly, supply was estimated as the dispensed amount of DDDs plus 150% of the DDDs (in sensitivity analysis, no additional DDDs were considered). 35, 36 A new dispensation starting during the supply of the previous one marked the start of the new treatment episode. Exposure to ADs was ascertained at ID based on the interval between ID and the end of the most recent prior treatment episode. Based on this interval, cases and controls were classified in the following mutually exclusive categories: 1) current use (supply overlapped ID), 2) recent use (supply ended within 30 days before ID), 3) past use (supply ended 31-90 days before ID) and 4) remote use (supply ended ≥91 days before ID), as shown in Figure S1 . This latter category encompassed use of any AD, while the others were defined separately for each class and for selected individual agents. Patients being users of two or more ADs within one exposure category were assigned to the separate category, multiple use. Switching was assessed as a separate variable and defined as current use of an AD with recent use of an AD of a different class.
Covariates and potential confounders
Risk factors of TBI as well as comorbidities, comedications, indicators of lifestyle habits and indicators of overall health status were taken into account as potential confounders and assessed based on data starting from January 1, 2004 to ensure at least 1 year of look-back period for all patients. As risk factors of TBI, we considered the factors associated with the risk of falls in the elderly, 6 including multimorbidity, use of multiple medications, some comorbidities (eg, vision disorders) and comedications (eg, antipsychotics, antiepileptics as well as hypnotics and sedatives).
Comorbidities were ascertained based on inpatient and confirmed outpatient diagnoses occurring 1) any time before ID for chronic diseases, 2) within 181 days before and at ID for acute infectious diseases (such as urinary tract infections or influenza, which increase the risk of falling) 37,38 and 3) within 365 days before and at ID for comorbidities that are also proxies of indications, such as depression and anxiety disorder. Use of comedications was ascertained based on dispensations occurring 1) any time before ID and 2) within 181 days before and at ID for medications potentially affecting the risk of TBI, such as hypnotics and sedatives. Indicators of lifestyle habits included alcohol abuse, illicit drug use, obesity as well as smoking and were estimated based on related diagnoses and medications any time before ID. As indicators of overall health status, frailty and use of health care, we calculated the Charlson Comorbidity Index according to the method of Quan et al, 39 the number of different medications dispensed in the last 12 months, nursing home residence (yes/no) and hospitalized time within the 364 days before ID. ICD-10-GM codes used to identify comorbidities are provided in Tables S3 and S4 .
statistical analysis
Conditional logistic regression was used to estimate matched and confounder-adjusted ORs (aORs), with 95% CIs, in the current, recent and past use of each AD class, comparing with remote users of any AD, and of the most frequent individual agents, comparing with remote users of the same AD as reference. In the model specification, we included all potential confounders (full model) to reduce the likelihood of residual confounding. Stratified analyses were performed by age (65-74, 75-84 and ≥85 years), sex and prior diagnosis of dementia and of depression as potential effect modifiers. Depression and dementia were ascertained based on inpatient and confirmed outpatient diagnoses occurring any time before ID. We performed sensitivity analyses 1) estimating supply based on the dispensed DDDs without any addition, 2) using remote users of any AD as reference and 2) using current users of TCAs as reference.
Results
In the cohort of 701,309 new users contributing 2,916,400 person-years of follow-up, 16 Model adjusted for myocardial infarction, other coronary heart disease, atrial fibrillation, other cardiac arrhythmias and conduction disorders, valvular disorders and endocarditis, pericardial disorders, myocarditis, peripheral vascular disease, hypertension, dementia, chronic pulmonary disease, pulmonary circulation disorders, rheumatic arthritis/collagen vascular disease, liver disease, Parkinson's disease, other extrapyramidal and movement disorders, depression, diabetes, renal failure, cancer (except malignant neoplasm of the skin), obesity, alcohol abuse, drug abuse, osteoporosis and other disorders of bone density and structure, syncope, dizziness and tendency to fall, vision disorders, dyslipidemia, bipolar disorders, schizophrenia, smoking, anxiety disorders, obsessive compulsive disorders, other movement disorders, pain, infectious diseases, delirium, use of insulin, antidiabetic medications, antithrombotic medications, cardiac glycosides, antiarrhythmic medications, other antihypertensive medications, diuretics, vasodilators, β-adrenergic agonists, calcium antagonists, aCE inhibitors, angiotensin ii antagonists, lipid-lowering medications, hormone therapy, glucocorticoids, antiparkinson medications, respiratory medications, nonsteroidal anti-inflammatory medications, antipsychotics, antiepileptic medications, anxiolytics, hypnotics and sedatives, muscle relaxants, number of medications (1-4, 5-8, 9 and more), hospitalized time (≤5%, >5%), Charlson Comorbidity index (≤2, >2) and nursing home residence. Model adjusted for myocardial infarction, other coronary heart disease, atrial fibrillation, other cardiac arrhythmias and conduction disorders, valvular disorders and endocarditis, pericardial disorders, myocarditis, peripheral vascular disease, hypertension, dementia, chronic pulmonary disease, pulmonary circulation disorders, rheumatic arthritis/collagen vascular disease, liver disease, Parkinson's disease, other extrapyramidal and movement disorders, depression, diabetes, renal failure, cancer (except malignant neoplasm of the skin), obesity, alcohol abuse, drug abuse, osteoporosis and other disorders of bone density and structure, syncope, dizziness and tendency to fall, vision disorders, dyslipidemia, bipolar disorders, schizophrenia, smoking, anxiety disorders, obsessive compulsive disorders, other movement disorders, pain, infectious diseases, delirium, use of insulin, antidiabetic medications, antithrombotic medications, cardiac glycosides, antiarrhythmic medications, other antihypertensive medications, diuretics, vasodilators, β-adrenergic agonists, calcium antagonists, aCE inhibitors, angiotensin ii antagonists, lipid-lowering medications, hormone therapy, glucocorticoids, antiparkinson medications, respiratory medications, nonsteroidal anti-inflammatory medications, antipsychotics, antiepileptic medications, anxiolytics, hypnotics and sedatives, muscle relaxants, number of medications (1-4, 5-8, 9 and more), hospitalized time (≤5%, >5%), Charlson Comorbidity index (≤2, >2), nursing home residence. Abbreviations: aCE, angiotensin converting enzyme; aD, antidepressant; MaO, monoamine oxidase inhibitor; nari, noradrenaline reuptake inhibitor; nassa, noradrenergic and specific serotonergic antidepressant; SSNRI, selective serotonin-noradrenaline reuptake inhibitor; SSRI, selective serotonin reuptake inhibitor; TCA, tricyclic.
significant also in recent and past users of citalopram (1.33; 1.07-1.66 and 1.26; 1.05-1.51, respectively) and in recent users of mirtazapine (1.22; 1.00-1.48).
Patients with and without dementia had a similar pattern of aOR for all ADs (Figure 1 
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Pisa et al ADs (Table S5 ). Compared to current users of TCAs, current users of SSRIs had an aOR of 1.52 (1.43-1.62) and current users of SSNRIs had an aOR of 1.51 (1.37-1.66), as shown in Table S6 . Results were similar in all age groups ( Figure S2 ), between men and women ( Figure S3 ) and when the analysis was restricted to patients with depression ( Figure S4 ).
Discussion
To our knowledge, this is the first study assessing the risk of TBI among users of ADs in an unselected populationbased cohort of older adults. Given our large sample size of >700,000 new users, we were able to assess the risk for individual ADs. Taking into account a wide range of comorbidities, use of comedications and other potential confounding factors, we found that current users of duloxetine had >80% increased risk of TBI and that fluoxetine, sertraline, citalopram and escitalopram had >60% increased risk, compared to remote users of the same AD. The increase in risk was lower for current users of paroxetine (57%), amitriptyline (45%), trimipramine (17%) and opipramol (11% Model adjusted for myocardial infarction, other coronary heart disease, atrial fibrillation, other cardiac arrhythmias and conduction disorders, valvular disorders and endocarditis, pericardial disorders, myocarditis, peripheral vascular disease, hypertension, dementia, chronic pulmonary disease, pulmonary circulation disorders, rheumatic arthritis/collagen vascular disease, liver disease, Parkinson's disease, other extrapyramidal and movement disorders, depression, diabetes, renal failure, cancer (except malignant neoplasm of the skin), obesity, alcohol abuse, drug abuse, osteoporosis and other disorders of bone density and structure, syncope, dizziness and tendency to fall, vision disorders, dyslipidemia, bipolar disorders, schizophrenia, smoking, anxiety disorders, obsessive compulsive disorders, other movement disorders, pain, infectious diseases, delirium, use of insulin, antidiabetic medications, antithrombotic medications, cardiac glycosides, antiarrhythmic medications, other antihypertensive medications, diuretics, vasodilators, β-adrenergic agonists, calcium antagonists, aCE inhibitors, angiotensin ii antagonists, lipid-lowering medications, hormone therapy, glucocorticoids, antiparkinson medications, respiratory medications, nonsteroidal anti-inflammatory medications, antipsychotics, antiepileptic medications, anxiolytics, hypnotics and sedatives, muscle relaxants, number of medications (1-4, 5-8, 9 and more), hospitalized time (≤5%, >5%), Charlson Comorbidity index (≤2, >2), nursing home residence.
c reference category remote users of any aD.
d reference category remote users of the same aD. Abbreviations: aCE, angiotensin converting enzyme; aD, antidepressant; MaO, monoamine oxidase inhibitor; nari, noradrenaline reuptake inhibitor; nassa, noradrenergic and specific serotonergic antidepressant; SSNRI, selective serotonin-noradrenaline reuptake inhibitor; SSRI, selective serotonin reuptake inhibitor; TCA, tricyclic. the one hand, this is unexpected, given that both classes may induce adverse effects such as sedation and dizziness; 18 but on the other hand, also for hip fractures, another fall-related outcome, studies consistently found a stronger association for SSRIs than for TCAs. 24, 40 Potential mechanism explaining this difference should be explored. The large variability between individual ADs observed in our study shows the importance of considering the safety of individual agents rather than focusing on AD class alone.
So far, the association between TBI and AD use has been investigated in only one study that was restricted to a high-risk group, that is, patients with Alzheimer's disease. 19 In that study, the risk in current users of SSRIs was 17%, which was lower than in our study and did not reach statistical significance due to the limited number of TBIs among SSRIs users. The difference in risk estimates may be explained by differences in the proportion of individual ADs included in the SSRI class, reflecting study-specific prescribing patterns.
Due to the lack of studies focusing on the association between TBI and individual agents, our results can only be 
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Pisa et al indirectly compared with studies investigating falls as an outcome, the main cause of TBI in the elderly. In one large cohort of elderly with depression based on a general practice care database in the UK, the risk of falls was increased between 60% and 80% for citalopram, escitalopram, sertraline, fluoxetine and venlafaxine, between 30% and 50% for paroxetine and amitriptyline and by 20% for mirtazapine. 25 In another cohort of French community-dwelling elderly based on inperson interview and clinical examination restricted to SSRIs, the risk of falls was twofold increased for citalopram, by 50% for sertraline and paroxetine and by 38% for fluoxetine. 41 We could not compare our findings regarding duloxetine because both studies did not evaluate this AD.
In the interpretation of our results, limitations due to the nature of secondary data have to be considered, including lack of direct information on the duration of treatment or direct clinical measures of certain patient characteristics such as frailty or cognitive status. We used elaborate meth- 
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In our study, the risk remained elevated shortly (30 days) after the end of supply for fluoxetine and amitriptyline. Similarly, in a large multidatabase study, the risk of hip fractures remained elevated within 60 days after the end of AD treatment. 16 Our finding may partially be explained by residual misclassification of exposure, resulting from estimating treatment episodes without considering overlapping supply from prior dispensings and variations of dose by indication and during the treatment (eg, titration beyond the starting dose). As the results did not change substantially in sensitivity analysis assuming no additional dose, relevant misclassification of exposure is unlikely. Moreover, the strength of our study is the ascertainment of exposure based on dispensations. Contrary to prescriptions or information extracted from medical documentation, dispensations reflect medications actually redeemed at the pharmacy level.
An alternative explanation is that the risk was actually increased over the first weeks after treatment end because of persisting medication effects or as a consequence of discontinuation symptoms such as dizziness, tremors or sleep disturbances.
We defined the outcome as TBI leading to hospitalization, thus focusing on clinically relevant events. Milder events not leading to hospitalization have not been captured, but their number should be low since elderly patients also with milder TBI are commonly evaluated in the hospital. In Germany, hospital main discharge diagnoses are considered to have a high validity since they are based on all information relevant to diagnosis (including laboratory tests and imaging results) during the in-hospital stay and are subject to regular inspection. TBI is generally accurately diagnosed, since imaging is indicated in all adult trauma patients with presentation suggestive of TBI (including but not limited to loss or disturbances of consciousness, signs of skull fracture, cerebrospinal fluid leak), but recommended also in dubious cases, who are kept under observation. 42 Therefore, misclassification of the outcome should be minimal. Moreover, hospital main discharge diagnoses are based on all information relevant to the diagnosis (including laboratory tests and imaging results) produced during the in-hospital stay. Out-of-hospital deaths due to TBI were not included since causes of death are not available in GePaRD. However, age-adjusted rates of mortality for TBI are much lower than those of hospital discharge rates for TBI in Europe and in Germany specifically, 4 and the resulting potential bias was most likely non-differential with respect to use of AD. As the ICD-10-GM classification does not include codes for external causes of injuries, we could not perform sensitivity analyses restricting to events coded as fall-related TBIs. Falls are by large the leading cause of TBI in the elderly, while causes other than falls (such as being struck by or against an object and motor vehicle crashes) are much rarer in this population 3, 4 and most likely occur equally with respect to AD use. Thus, the relative risk should not be biased. Moreover, external cause coding has a very low accuracy. 43 We extensively adjusted for several potential confounders, including proxies for indications, and the adjustment slightly lowered the point estimates, suggesting that confounding effects were controlled for. Nevertheless, residual confounding, particularly by indication, may have influenced the results. SSRIs are considered the first-line therapy for late-life depression due to their superior safety profile over TCAs, and may have been preferentially prescribed to patients with multiple comorbidities, who are at higher risk of falls. 6 ADs in the elderly are used for a wide spectrum of indications, which differs considerably between individual agents.
However, the results in the more homogeneous group of patients with depression were comparable to the overall results; thus, residual confounding by indication likely was small, if there was any. Moreover, when we compared with subjects currently treated with TCAs (active treatment comparator), current users of SSRIs and SSNRIs had lower, but still statistically significant increased risks. We compared subjects currently treated with ADs with subjects who used any ADs in the past but were not currently treated. If the indication for treatment independently increases the risk of TBI, the excess risk may have been overestimated (indication bias). However, the analysis comparing with subjects who used the same AD in the past confirmed the results, except for a lack of association in current users of mirtazapine and a ≥10 percentage points difference in current users of sertraline (with risk slightly decreased) and amitriptyline (with risk slightly increased).
Between-person comparisons do not account for confounding due to patient-specific characteristics that are constant over time, such as habitual physical activity, permanent disabilities or constant regular use of nonprescription medications. We thus assessed the feasibility of a casecrossover analysis. Based on within-person comparison, the case-crossover design effectively addresses time-invariant confounders and provides valid estimates of risk when the exposure is transient and the outcome is acute. 44, 45 Although we used multiple control time windows, the very low number of subjects with discordant exposure in the case and control Clinical Epidemiology 2019:11 submit your manuscript | www.dovepress.com
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Pisa et al time windows hindered meaningful and precise risk estimates to be obtained. In this cohort, ADs were mostly taken chronically or over long periods; thus, the requirement for a transient exposure was met only in the small subgroup of intermittent or non-adherent users, which may substantially differ from continuous users. Thus, the resulting estimates were not only highly imprecise, but also flawed by selection bias.
Residual confounding due to factors unmeasured or not adequately measured in secondary data may persist. These factors include lifestyle habits, frailty, cognitive and functional impairment, history of falls and severity of depression. Among lifestyle habits, alcohol abuse, in particular, may be associated with the risk of TBI. We estimated the indicators of lifestyle habits based on related diagnoses and medications; therefore, we accounted for alcohol abuse with impact on patient health, but likely not for less-severe or more recent abuse. We adjusted for several indicators of frailty independently, such as nursing home residency, comorbidities and number of medications, to account for multiple dimensions of frailty with different effects on fall risk. Moreover, we adjusted for prior hip and other fractures as indicators of (at least the most severe) falls and also for medications potentially affecting the risk of falls assessed shortly before and at ID to better approximate concurrent use.
Conclusion
In this large cohort of unselected elderly new users of ADs, the risk of TBI was increased in current users of most ADs compared to remote user of any AD. Taking into account a wide range of comorbidities, use of comedications and other potential confounding factors, we observed differences between individual agents. The increase in risk was higher in current users of duloxetine (>80%), fluoxetine, sertraline, citalopram and escitalopram (>60%), while it was lower in current users of paroxetine (57%), amitriptyline (45%), trimipramine (17%) and opipramol (11%). These results were consistent in subjects with and without depression or dementia, in men and women and across all age groups.
While all examined individual SSRIs had a higher risk than the individual TCAs, the large variability between individual ADs shows the importance of considering the safety of individual agents rather than focusing on class alone.
